Records from a 76-year investigation into effects of line breeding and selection of Hereford cattle, and concurrent weather records, were used to assess effects of weather patterns on growth of suckling calves. Calf growth data were adjusted for trends arising from selection and inbreeding, and for effects of age of dam and sex of calf to produce clean estimates of year effects. Daily maximum and minimum temperatures were summarized to identify first and last days of a 1500 growing degree growing season. Precipitation was accumulated from: 1) end of the growing season the previous year through 31 December; 2) 1 January through the beginning of the current year growing season; and 3) during the current growing season. Principal components were used to characterize years. Preweaning growth of the calves in sets of eight extreme years identified by each of the principal component was contrasted. Irrespective of precipitation pattern before the growing season and with near or above average precipitation during the growing season, calves reared in years characterized by longer, cooler growing seasons grew faster from birth to weaning than in opposing years. This retrospective analysis indicates a general increase in temperature could decrease growth of suckling calves on the Northern Great Plains of North America.
INTRODUCTION
Several studies have investigated effects of beef production on greenhouse gas emissions and consequent climate change [e.g., [1] [2] [3] . It is suggested the cow-calf segment of beef production accounts for approximately 80% of greenhouse gas emissions in North American temperate zone production systems [2] . Here we turn the question around-how might climate change affect cowcalf production? Climate shifts might affect productivity of ruminant livestock through direct effects on the animals and through a myriad of indirect effects both to the plant community and to the animal through the incidence of livestock pests and disease [4] . Several factors with implications for net primary production have been predicted by climate models, which in turn might influence livestock productivity. In general, drought conditions reduce quantity and quality of forage produced and consumed resulting in decreased livestock production [5, 6] . Elevation of atmospheric CO 2 concentration is often presumed in climate change predictions. Increased CO 2 increases plant biomass, but reduces nitrogen content and digestibility, increasing the time that forage would be of insufficient quality for cattle growth [7] . However within regions, the crude protein content (an indicator of quality) of grazed forages has been found to decrease with increasing temperatures during the growing season while responses to changes in precipitation have been mixed [8] . Warming has increased early spring and fall plant productivity, but total production was negatively correlated with soil temperature during the middle of the growing season [9] . Simulation has also been used to assess effects of climate change and predicts improved livestock productivity in northern latitudes resulting from increased quantity and quality of primary production resulting from increases in both temperature and precipitation [10, 11] . Alternatively, simulations based on three general circulation models indicated lighter cow and calf weights at weaning and lower average daily gains driven by reduced forage quality on short grass prairie [12] . With these discrepancies in mind, this retrospective analysis relates environmental trend in calf gain during the suckling period to annual weather patterns over a 76 year period (1935-2011).
MATERIALS AND METHODS
The Line 1 Hereford population [13, 14] , maintained as a closed herd, at Fort Keogh Livestock and Range Research Laboratory near Miles City, Montana (Figure 1 ) was used in this research. Regional topography varies from rolling hills to broken badlands with small, intersecting ephemeral streams flowing into rivers in broad, nearly level valleys. This area is representative of the semiarid, mixed-grass prairie of the Northern Great Plains. Indigenous vegetation on the 22 500-ha research station is a grama-needlegrass-wheatgrass (BoutelouaStipa-Agropyron) mix [15] . Elevation at Fort Keogh is approximately 720 m. Average annual temperature is 7.8˚C, with daily extremes from -40˚C to 43˚C. Average monthly temperatures are greatest during July and least during January (Figure 2(a) ). Average annual precipitation is 341 mm, with 75% occurring during the AprilSeptember growing season (Figure 2(b) ). Management of Line 1 has remained relatively constant from 1935 to present. Cows grazed native range throughout the year. Each year they were moved to winter pasture approximately 1 January. Varying amounts of energy and protein supplement were fed and hay was provided when excessive snow depth prevented normal winter grazing. Cows were placed in calving pastures in mid-March. Calving heifers at 2 yr of age was initiated in 1977. Heifers have calved in lots of about 8 ha since that time. Since 1989, cows calved with the heifers and were given hay during the calving period. Cow-calf pairs were moved to native range spring pasture a few days after birth. Cow-calf Subsequently, all male calves were kept intact. Since the mid 1970s, calves have received preweaning vaccinetions for stress-induced diseases at the late summer working. Calves were weaned during October at an average age of 180 d.
Gain from birth to weaning of the Line 1 Hereford calves was analyzed using a derivative free maximum likelihood for animal models [16] . The linear model for gain from birth to weaning was:
arly pre-adjusted to a constant age at weaning of 180 d for the l th calf out of the k th dam; and μ = a constant applicable to all observations; Yr i = year in which the record of preweaning gain was observed; SA j = joint classification of sex of calf (bull or heifer) and age of dam with age of dam recoded as 2, 3, 4, and 5 + yr; b 1 = the linear regression on inbreeding of calf (Fx = 0 to 1.0); b 2 = the linear regression on inbreeding of dam (Fd = 0 to 1.0); a ijkl = a direct genetic effect of the calf; u ijkl = a maternal genetic effect of the calf; c = a permanent environmental effect due to the dam; and e = temporary environmental effect associated with each observation.
Inter-Annual Effects
Daily maximum (T max ) and minimum (T min ) temperatures and precipitation at Miles City, Montana, USA (46.4˚N, 105.8˚W) were obtained from the National Oceanic and Atmospheric Administration, National Weather Service database (http://www4.ncdc.noaa.gov/cgiwin/wwcgi.dll?wwDI~StnSrch~StnID~20012408). A day defining the beginning of the growing season (D 0 ) was identified as the last day in spring when T max /|T min | > 5 when T max > 0˚C and T min < 0˚C. This calculation assumes linearity of the ordered temperature distribution over the 24h period and identifies the day with temperatures < 0˚C for 4 or less hours. Subsequent to this day, growing degrees (5.5˚ base) were accumulated until the day when the total reached 1500. This value is approximately consistent with heat units required for C 3 crops [17] and the northern mixed grass prairie [18, 19] to reach maturity. Here, this day defined the end of the growing season (D e ). Based on these days, precipitation was accumulated from the end of the growing season the previous year through 31 December (fall precipitation, P 1 ) from 1 January to the beginning of the growing season (spring precipitation, P 2 ) and through the growing season (P 3 ). To understand the inter-year variation in weather pattern, principal components were calculated for the data vector D 0 , D e , P 1 , P 2 , and P 3 . Contrasts of the year effects from the analysis of gain from birth to weaning were calculated for sets of 8 years with extreme principal component scores. For reference, "typical" years were taken to be those 8 years with minimum sums of squares of the scores across the set of 5 principal components (i.e., those nearest the centroid of the 5-dimension space defined by D 0 , D e , P 1 , P 2 , and P 3 ).
Intra-Annual Effects
Critical periods in which weather patterns affected weight gain of bison have been empirically identified using forward stepwise regression [20] . A modified version of this approach was also employed with these data. The year, beginning 1 September, was divided into overlapping 15-day windows that began every 5 days. Each window was characterized by total precipitation and mean temperature. Thus, a year was characterized by 73 pairs of precipitation and temperature observations. The year effects from the analysis of gain from birth to weaning were regressed on the set of 146 annual weather observations using forward selection of variables to be included in the stepwise regression model. Nominal significance to enter the model was set at P = 0.05. The significance level for a variable to remain in the final model derived by Bonferroni correction of the nominal significance level (P = 0.05) for multiple testing and was set at P = 0.0035.
RESULTS AND DISCUSSION
The data used for these analyses are unique. All records of calf growth come from a single closed and pedigree-recorded population which has been maintained by USDA Agricultural Research Service at Miles City, Montana throughout its history. Use of genetic relationships derived from the pedigree in the analysis accounts for genetic trend over time as a result of selection applied [13] . Accumulated effects of inbreeding were accounted for by also including appropriate covariates in the linear model.
The typical growing season began on 20 April (±1 day) and ended on 13 August (±1 day). Precipitation during the growing season averaged 186 ± 8 mm, with an additional 61 ± 3 mm and 90 ± 6 mm during the preceding spring and fall, respectively. Earliest and latest first days Eigenvectors for the principal components describing the observed variation in annual weather pattern and proportion of variation accounted for by each principal component are shown in Table 1 . The corresponding weather patterns for the pairs of 8 extreme years identified by each of the five principal components are shown in Table 2 . The first principal component, explaining 44% of the variation in weather pattern, contrasts dryer vs wetter springs and growing seasons with the growing seasons being of approximately equal duration but beginning earlier vs. later in the year. Thus, temperatures during the growing season were similar across years. The second principal component, explaining an additional 26% of the variation in weather pattern, contrasts growing seasons that began later, ended earlier, and had less precipitation during the preceding fall and the growing season vs. growing seasons that began earlier, ended later and were preceded by greater precipitation in fall and during the growing season. Thus, this contrast may be interpreted as comparing relatively warm dry years with cool wet years. These first two principal components satisfy the commonly used Kaiser's rule [21] for reliability and meaningfulness by having eigenvalues greater than 1.0. The third principal component explained an additional 15% of variation in weather patterns across years. Lower values of the third principal component were associated with relatively lesser amounts of precipitation during the preceding fall and spring and more abundant precipitation during the growing season compared to years with greater values. It also contrasted years in which the growing season was extended by approximately 5 days on each end and hence represents cooler compared to warmer years. Compared to the average, years with negative responses had a dry fall, average spring, and wet growing season; whereas positive responses were associated with a wet fall and spring, and near-average growing season precipitation. The fourth principal component explained an additional 10% of the variation among years and contrasted later growing seasons and less precipitation both during the growing season and in the preceding spring with earlier growing seasons and greater precipitation during spring and summer. The remaining 5% of variation among years was explained by a principal component with low values that characterized years in which the growing season began early and ended late and were therefore cooler than the contrasting years. Differences in precipitation patterns among the contrasted years were relatively minor with greater spring and growing season precipitation being associated with greater values of the principal component.
Contrasts of preweaning growth in years characterizeing the extremes of the first and fourth principal components were not significant (P > 0.2). Calves reared in years at the positive tail of the second principal component grew 15.8 ± 2.3 kg more during the preweaning period (P < 0.001) than those reared in opposing years. Calves reared in years at the negative tails of the third and fifth principal components grew 4.7 ± 1.6 and 11.0 ± 3.7 kg more during the preweaning period than their counterparts reared in years at the opposing extreme. Thus, in this retrospective analysis, a longer time to accumulate 1500 growing degrees, and hence a cooler growing season, was consistently favorable for increased growth of calves. In each case, precipitation during the growing season was also at least 96% of average. Precipitation is commonly regarded as the main factor driving net primary productivity whereas temperature typically affects plant development and forage quality [18, 19] . With the onset of spring occurring earlier across the northern hemisphere, leaf and bloom development was found to also occur earlier [22] . Although earlier phonological development of plants would suggest earlier maturity and loss of forage quality, it is important to note that the years in all three principal components with greater weaning weights had earlier springs, but still took longer to accumulate growing degrees. Similar conditions have been shown to increase probability of conception and allow for earlier age at first calving in red deer (Cervuselaphus), which the researchers attributed to delayed plant maturity [23] .
Yearling steers attained their maximum weight at some point during the first two weeks of August with seasonlong grazing in near-average years at Fort Keogh [24] . Plants have generally senesced and are rapidly losing forage quality during this period in the northern Great Plains. However, suckling calves are at least somewhat buffered from climatic effects on forage production due to the ability of their dams to mobilize body tissues in support of milk production [25, 26] . Decreased growth of the calves might result from reduced milk production through decreased dietary energy consumption by their dams or greater environmental temperature per se, or might be due to reduced quantity and quality of forage consumed directly by the calves to supplement the milk provide by their dams. The causative agent cannot be ascertained from these data. Additionally, principal components two and three have marked differences in precipitation prior to the growing season, with less precipitation during this period being identified as the favorable condition for subsequent growth of the calf. During the early part of this period, the calf is yet to be born, with parturition occurring approximately midway through the period.
Two critical weather periods were identified empirically as affecting gain from birth to weaning. The first was precipitation during the period from 8 February to 22 February, in which each additional cm of precipitation was predicted to reduce gain by 6.03 ± 1.75 kg. Given the observed temperatures during this period (mean = -5.2˚C), the precipitation was almost certainly snow causing cows to be wet and thereby increasing their lower critical temperature. During this period the affected calf was in late gestation. Effects on postnatal growth of the calves may potentially have resulted either from thermal stress that affected their dams' energy reserves and compromised subsequent milk production [27, 28] , or through uterine programming [29, 30] . The second critical weather period was defined by temperature from 23 June to 7 July. During this period, a 1˚C increase in temperature reduced growth from birth to weaning by 1.51 ± 0.27 kg. About 90% of annual primary productivity for this region has typically occurred by 1 July [31] . Therefore, it is unlikely temperature is affecting calf growth through forage quantity. Increasing temperature has been shown to reduce forage quality by speeding the rate of senescence and reducing forage digestibility and nitrogen content [8, 18, 19, 32] .
As would be expected, results from both analyses are mutually supportive. The fairly course summary of weather data used in the principal components analysis was biologically motivated based on an understanding of factors affecting plant growth, but lacked fine scale resolution in time. The empirical regression analysis provided for increased fine scale resolution, but introduced potential over-parameterization of the model and collinearity.
The present result appears contradictory to those obtained prospectively by simulation [10, 11] , but congruent with independent data-driven investigations [8, 20] . It is important to point out that the current analyses do not consider succession in the plant community as might be expected to result from long-term climate change; nor do the other studies. Although some have predicted greater productivity with increased temperature and CO 2 [12, 33] , a shift to C 4 dominance in northern semiarid mixed prairie would likely reduce productivity as C 3 midgrasses were replaced by C 4 shortgrasses [31] . Doubling the summer water following spring drought increased C 4 productivity, but reduced total productivity to half of what is typical due to reduced C 3 production [34] .
Simulation exercises typically do not consider climatic adaptation of cattle, but models are parameterized for local-specific climatic conditions. Results of these exercises and the biological investigation reported herein are strictly speaking location-specific. Further, the Hereford breed originated in and around Herefordshire, Englandand part of the stock may have come from The Netherlands [35] . These origins, extensive migration of germplasm across North America, and lack of selection pressure and low heritability of environmental adaptability [36] all suggest the contemporary Hereford is a breed that would be best adapted to a moist temperate climate. Results for other breeds that are adapted differently or from other locations with different vegetative resources may differ.
CONCLUSION
A general increase in temperature during the vegetative growing season that corresponds with the suckling period could decrease growth of calves from birth to weaning on the Northern Great Plains of North America. Results also were suggestive of potential for precipitation during late gestation to cause thermal stress on cows with downstream effects on progeny performance during the sucking period.
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